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Abstract 
To verify the accuracy and reliability of the computational fluid dynamics simulation of sludge anaerobic digester, fluid flow 
visualization experiment is a reliable approach. However, it cannot be used for anaerobic digester due to the opaque nature of 
sludge. Xanthan gum (XG) aqueous solution was selected as the analog fluid of the digested sludge (DS) due to its good optical 
clarity and good stability. The rheological properties of DS and the XG aqueous solution were measured by applying a rotational 
viscometer and the measuring results qualitatively and quantitatively compared by graphics and mathematical statistics analysis. 
The experimental results revealed the rheological behaviour of XG aqueous solution was similar to DS. They were both typical 
pseudo-plastic non-Newtonian fluid and showed the same trend in the rheological curves with similar curvatures. Carreau model 
(R2=0.9578) was proposed to describe the rheological behaviour and calculate the rheological parameters of the analog fluid. The 
limiting viscosity of the XG aqueous solution linearly increased with the increases of the concentration within the concentration 
range of 0.20g/L~1.60g/L. According to the linear relationship, 0.50g/L, 1.00g/L and 1.50g/L XG aqueous solution were selected 
to compare with DS. The result of Welch’s t-test demonstrated that there is no significant difference in the rheological parameters 
of DS and the 1.00g/L XG aqueous solution at the significant level of α=0.05, which indicated the feasibility of choosing the 
1.00g/L XG aqueous solution as transparent analog fluid of DS, and build a foundation for visualization experiment in anaerobic 
digester. 
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Nomenclature 
XG    Xanthan Gum                                                                   γ           shear rate [s-1] 
CFD     Computational Fluid Dynamics                                       η           viscosity [Pa·s] 
DS            Digested Sludge                                                               η0          zero shear viscosity [Pa·s] 
PIV           Particle Image Velocitometry                                          η∞         limit viscosity [Pa·s] 
LDV         Laser Dpoppler Velocimetry                                            ηp         plastic viscosity [Pa·s] 
CARPT    Computer Automated Radioactive Particle Tracking       τ           shear stress [Pa] 
CMC        Carboxyl Methyl Cellulose                                               τ0          yield stress [Pa]  
H-B          Hershel-Bulkly model                                                       k          fluid consistency index [Pa·sn] 
Ostwald    Ostwald de Vaele model                                                   n          flow behaviour index 
λ               time constant                                                                     m         dimensionless exponent 
1. Introduction  
Anaerobic digestion is a wide spread technology for stabilizing and reducing the excess sludge from wastewater 
treatment plants1, 2. It has been praised as a cost-effective process due to its capacity to degrade organic matter by 
converting organic compounds into a valuable biogas composed of methane and carbon dioxide under anaerobic 
conditions, which represents a source of renewable energy3, 4. Since the 1880s, anaerobic digestion technology has 
been used for sludge treatment. However, the failure rate for anaerobic digesters is still very high, the common 
operation issues including stratification and formation of a surface crust in the reactor which are believed to be 
mainly due to poor design, construction, as well as inadequate mixing5. Furthermore, with the development of dry or 
high-solid anaerobic technologies, the high viscosity caused by high total solids concentration can severely reduce 
the mass and heat transfer among enzymes, bacteria and substrates in the digester6, 7. Proper mixing is regarded as an 
important means to optimal performance and operation since mixing creates a homogeneous substrate preventing 
stratification and formation of a surface crust, and ensures solids remain in suspension. Mixing also enables heat 
transfer, particle size reduction at digestion progresses and release of produced gas from the digester8. Therefore, to 
enhance the overall performance of a selected digester configuration and design, it is important to understand and 
quantify its mixing and flow pattern9. Chemical tracer techniques were used measuring the mixing behaviour and 
confirming system mixing efficiency in the earlier studies on digesters10. These research methods, however, are quite 
time-consuming and expensive for test. What is more, they cannot offer complete information of flow field and 
turbulence parameters (kinetic energy, stresses, etc.) in the reactors10. 
Computational fluid dynamics (CFD) technique is a powerful numerical tool that can efficiently develop both 
spatial and temporal field solution of fluid pressure, temperature and velocity, and have been proven its 
effectiveness in the analysis and design of engineered systems11. CFD-based computer simulations overcome the 
experimental difficulties and have been used for characterizing, analysing and optimizing flow pattern inside 
anaerobic digesters12. Brideman13 modelled the mechanical mixing of sewage sludge in a cylindrical digester at 
laboratory scale, and the velocity magnitude and volume of stagnant zones are obtained in the simulation. Wu14 
simulated the flow fields and mixing energy level in egg-shaped anaerobic digesters that mixing by mechanical draft 
tube, and made comparisons of two mixing types and two digester shapes by CFD simulation. The states-of -art of 
CFD used to investigate bioreactors have already reviewed in his recent article12. Although CFD-based simulation 
has been widely used, its users and developers still face a same critical issue: How to assess the accuracy of the 
simulation solution? Verification and validation are certainly the primary means to assess the accuracy and 
reliability in computational simulations15. In the previous studies, the accuracy of a CFD simulation was assessed by 
comparison with experimental data, the existing measurements including chemical tracer techniques16, Particle 
Image Velocitometry (DPIV), Laser Ddoppler Velocimetry (LDV) 17, and Computer Automated Radioactive Particle 
Tracking (CARPT) 10 etc. Common optical techniques, such as PIV and DIV etc., have been widely used due to 
describing the flow information directly and the measuring instruments obtained easily. But they are not suitable for 
anaerobic digesters due to the opaque nature of sludge. Therefore, we need to find a transparent analog fluid to carry 
out the PIV or LDV experiment for sludge, and thus to further verify the accuracy and reliability of the CFD 
simulation results. 
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In the previous researches, carpool gel18, 19, carboxyl methyl cellulose (CMC) 18, Xanthan gum (XG) 20, 21 have 
been selected as the model fluid to mimic the rheological behaviour of digested sludge (DS). XG is an exocellular 
polysaccharide produced by the bacterium Xanthomonas campestris NRRL B-1459, with high viscosity of solutions, 
high water solubility22. It is widely used in food industry, personal care products, drug delivery, textile printing, oil 
recovery, etc. 23, 24. XG aqueous solution was selected as the analog fluid of the DS in this article, due to the good 
optical clarity, biological and physical stability, as well as the specific rheological characteristics (viscosity, pseudo-
plasticity). 
In this study, the aim is to assess the feasibility of choosing the XG aqueous solution as the transparent analog 
fluid of DS in PIV or LDV experiments for verify the accuracy and reliability of the CFD simulation results of the 
laboratory-scale anaerobic digestion reactor. For the purpose, the rheological properties of DS and the XG aqueous 
solution were measured under the same conditions. The measurement data were qualitatively compared by graphics 
and curves, the mathematical statistics methods were also discussed in the following discussions. 
2. Materials and methods 
2.1. Sludge samples and Xanthan Gum solution 
The waste activated sludge (raw sludge) was collected from a wastewater treatment plant in Beijing, China, 
after which it was immediately transferred to the laboratory and stored at 4ć. Prior to the experiment, the sludge 
sample was warmed to room temperature. In the laboratory, the mesophilic anaerobic digestion (35f1ć) of the 
waste activated sludge was conducted in a digestion tank, which schematic diagram was illustrated in Fig.1. The 
dry-solid content of the DS from the tank is 1.32%. 
The xanthan gum powder was weighed by an electronic analytical balance (Sartrious BS223 S, Sartrious AG, 
Germany), various aqueous XG solutions were prepared by dissolving the correct amount of XG in deionized water 
at room temperature with continuous stirring using a magnetic stirrer (AER-208, Challenge Manufacturing Inc, USA) 
at 500rpm, then transferred to 500mL volumetric flask and left to stand unstirred for 24 hours to allow the trapped 
air bubbles to escape. 
    
Fig.1. Schematic diagram of anaerobic digestion tank 
2.2. Rheological measurements  
A rotational viscometer (Haake Viscotester 550, Haake Electron Corp, Germany) equipped with the circulating 
water bath to control the variation of temperature within 0.1ć from the experimental temperature at 25 ć was 
employed for the rheological measurements. All measurements were made using 50mL of homogenous sample. The 
rheowin software was used to record the rheogram and to conduct the subsequent data analyses. The shear rate was 
swept from 0.5s-1 to 300s-1 and this measurement was repeated for 10 times for one samples. The schematic diagram 
and main technical parameters of the sensor system (MV-DIN) were illustrated in Fig.2. 
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Fig.2. (a) Schematic diagram of sensor systems;                           (b) Main technical parameters. 
3. Results and discussion 
3.1. Basic rheological characteristics 
To determine the basic rheological characteristics of the XG aqueous solution, 1.50g/L XG aqueous solution is 
selected as a case for detailed analysis in this experiment. As shown in Fig.3, the DS is almost opaque, while the 
model solution with good optical clarity. And the transparency of the XG aqueous solution is high enough to meet 
the requirements of the flow visualization experiment for the PIV or DIV techniques.   
The viscosity curve and flow curve of 1.50g/L XG aqueous solution at a constant temperature (25f0.1ć) are 
displayed in Fig.4, and the shear stress is measured as the shear rate increased from 2.7 to 300.1s-1. As illustrated in 
Fig.4, the shear stress increases nonlinearly with the increase of shear rate, the XG aqueous solution is a typical 
pseudo-plastic non-Newtonian with a yield stress, the viscosity curve show a shear-thinning behaviour that the 
apparent viscosity decreases rapidly as the shear rate increases initially and became constant at higher shear rate. 
 
  
Fig.3. Contrast of XG solution and DS transparency;                 Fig.4.The rheological curves of 1.50g/L XG 
Sludge is always non-Newtonian, shear thinning and thixotropic25, 26. As is demonstrated in Fig.5, rheological 
behaviour of XG aqueous solution seems similar to the raw sludge and DS. They are both typical pseudo-plastic 
non-Newtonian fluid, and expressed a shear-thinning behaviour. However, the curvatures of them are not exactly the 
same. Therefore, different concentrations of the XG solution are tested for verifying the rheological consistency 
with DS.  
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          Fig.5. (a) Flow curves of the fluids;                                          (b) Viscosity curve of the fluids. 
3.2. Determination of the rheological model and the rheological parameters of XG aqueous solution 
3.2.1. Comparison of the rheological models 
There are several mathematical models for describing the rheogram in order to acquire fluid rheological 
behaviour. The common used non-Newtonian models including Ostwald de Vaele model, Bingham model, 
Herschel-Bulkely model, Sisko model, Cross model, Carreau model, and Casson model27. These seven different 
models cited above are used to evaluate their predictive capability of apparent viscosity of XG aqueous solution in 
order to obtain a deeper understanding of its flow characteristics. The models are fitted to the experimental data by 
means of the multiple non-linear regressions and the least square technique. The calculated parameters by model 
fitting are listed in Table 1. The correlation coefficient (R2) indicates that the Carreau model (R2=0.9578) is the best 
one to fit the experimental data of the 1.50 g/L XG aqueous solution among these models. Hershel-Bulkly 
(R2=0.9400), Bingham model (R2=0.9407) and Cross model (R2=0.9493) also fit the experimental data satisfactorily 
but are not as good as Carreau model.  
     Table1. The fitting results of 1.50g/L XG solution by seven different Non-Newtonian fluid models. 
Models Equations Rheological parameters R2 
k n τ0 η0 ηp η∞ λ m 
Ostwald nkW J x  0.1100 0.5130 – – – – – – 0.9150 
Bingham 0 pW W K J  x – – 0.5447 – 0.0055 – – – 0.9407 
Casson 1 2 1 2 1 2 1 20W W K Jf  x  – – 0.2813 – – 0.0029 – – 0.9382 
H-B 0
nkW W J  x  0.0075 0.9463 0.5139 – – – – – 0.9400 
Sisko -1nkK K Jf  x 0.1618 0.5247 – – – 0.0054 –  0.9289 
Cross  0
1
1
m
K K
K K OJ
f
f
   ª º¬ ¼  
– – – 0.1083 – 0.0069 0.0427 1.9777 0.9493 
Carreau  
1
2 2
0
1
nK K OJK K

f
f
 ª º ¬ ¼  
– -0.1293 – 0.0904 – 0.0056 0.1129 – 0.9578 
NOTE: γ: shear rate [s-1]; η: viscosity [Pa·s]; η0: zero shear viscosity [Pa·s]; η∞: limit viscosity [Pa·s]; ηp: plastic viscosity [Pa·s]; τ: shear 
stress [Pa]; τ0: yield stress [Pa]; k: fluid consistency index [Pa·s
n]; n: flow behavior index; m: dimensionless exponent; λ: time constant. 
 
A typical simulation curve of the Carreau model for the 1.50g/L XG aqueous solution is presented in Fig.6. The 
curve is fitted well with the experimental data of the 1.50g/L XG aqueous solution. Carreau model will be used to 
describe the rheological properties and calculate rheological parameters of XG aqueous solution in the subsequent 
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chapters.  
3.2.2. The relationship between the concentration and liming viscosity of XG aqueous solution 
The limiting viscosity of XG aqueous solution in the concentration range between 0.20 g/L to 1.60 g/L are 
determined by the fitting results of Carreau model. Fig.7 shows that the limiting viscosity increased with the 
increasing concentration of the XG aqueous solution. Moreover, a relationship between the limiting viscosity and 
the concentration could be established as a linear equation (Eq.1) through regression. The high regression coefficient 
of 0.9949 suggests that this equation has good predictability for the relationship.  
XG0.00157 0.00348 CKf                                                                  (1) 
Where η∞ is the limiting viscosity [pa·s], CXG is the concentration of the XG aqueous solution [g/L].  
Modelling the DS viscosity with the Carreau model, the limiting viscosity of DS is about 0.0054 Pa·s. 
According to the linear relationship between the limiting viscosity and concentration of XG aqueous solution and 
Eq.1, the concentration of the analog solution is selected between 0.50~1.50g/L.  
    
                              Fig.6. Typical simulation curve of the Carreau model; Fig.7 The relationship between limiting viscosity and concentration 
3.3. Graphic comparison and mathematical statistics analysis  
The viscosity curve and flow curve of DS are compared with the XG aqueous solution at the concentration of 
0.50g/L, 1.00g/L and 1.50g/L. As is demonstrated in Fig.8, the same trend and similar curvatures have been 
observed between the DS and the analog solution with 3 different concentrations. They show clearly that the flow 
curve and viscosity curve of the 1.00g/L XG aqueous solution are more close to the rheological curves of the DS. 
The degree of overlap of the data points is significantly improved compared with the other two concentrations of 
XG solution. 
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Fig.8. (a) Graphic comparison between flow curves of the fluids; (b) Graphic comparison between viscosity curves of the fluids. 
The method of graphically comparing DS and model solution results, though valuable, are essentially 
qualitative. The mathematical statistics methods are used to further confirm the rheological similarity of DS and 
1.00g/L XG aqueous solution, based on the experimental analyses. The goodness of fit commonly used to describe 
the discrepancy between the observed data and the fitting data under a statistical model. The coefficient of 
determination R squared (R2) is a number that indicated how well data fit the model. The R2 is calculated as Eq.2: 
2
i i
2 1
2
i i
1
[y f(x )]
R 1 1
[y y ]
n
iR L
n
T T
i
S S
S S
 
 

    

¦
¦
                                                               (2) 
Where SR is the explained sum of squares; ST is the total sum of squares; SL is the residual sum of squares; yi is 
the ith value of the variable to be predicted, xi is the ith value of the value of explanatory variable, and f(xi) is the 
predicted value of yi.  
The R2 of 1.00g/L XG aqueous solution is 0.83, far higher than the other two (0.35, 0.24). The limiting 
viscosity is measured and determined with the same method under the same conditions, assuming the measuring 
results are generally subject to normal distribution. A Welch’s t-test is used to determine if two sets of data are 
significantly different from each other, and the t statistic is calculated as Eq.3: 
1 2
2 2
1 2
1 2
~t( )
X X
S S
n n
Q

t =                                                                           (3) 
Where iX  is the sample mean, Si2 is the unbiased estimator of the variance of the sample, ni is the size of 
sample, i=1, 2. The degrees of freedom were calculated by using: ν=min {n1, n2}-1. 
In this paper, sample 1 represents DS and sample 2 for 1.00g/L XG aqueous solution, respectively. The 
Welch’s t-test is used to compare the limiting viscosity of DS and model solution, According to Eq.3, t=2.2309 at 
the significant level of =0.05D : 
/2 0.025t ( ) t (10 1) 2.2622 2.2309tD Q    !                                                   (4) 
As is demonstrated in Equation.4, t=2.2309 in the range off2.2622, it shows that there is no significant 
difference in the experimental data of the two materials.  
4. Conclusions 
In this paper, we intended to determine if the transparent solution of XG could simulate the rheological 
characteristics of the DS. The rheological properties of XG aqueous solution with different concentrations and DS 
were tested, and rheological properties of them were compared by simulation and Welch’s t-test analysis. Careful 
analysis yielded the following conclusions: 
x Both the XG aqueous solution and DS are typical pseudo-plastic non-Newtonian fluid, exhibiting shear-thinning 
behavior that the viscosity decreased with the increases of the shear rate. 
x Carreau model (R2=0.9578) is the best one to fit the experimental data of the 1.50 g/L XG aqueous solution 
among the common used non-Newtonian models. 
x The limiting viscosity increased with the increases of the concentration of the XG aqueous solution within the 
concentration range of 0.20g/L~1.60g/L. A linear equation has good predictability for the relationship. 
x The graphic comparison showed that the flow curve and viscosity curve of the 1.00g/L XG aqueous solution are 
more close to the rheological curves of DS than 0.50g/L and 1.50g/L XG aqueous solution. 
x The result of Welch’s t-test demonstrated there is no significant difference in the rheological parameters of DS 
and the 1.00g/L XG aqueous solution, which indicated the feasibility of choosing the 1.00g/L XG aqueous 
solution as the transparent analog fluid of DS. 
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